We examined Pinus aristata Engelm. stands in four locations in Colorado: Almagre Mountain, Black Mountain, Goliath Peak and Quartzville. All stands are located at 3200-3700 m and face south-southeast. We measured maximum mass-based assimilation rates (A max ) and nitrogen (N) and phosphorus (P) foliar concentrations on six foliar age classes, from which instantaneous photosynthetic N-and P-use efficiencies (PNUE and PPUE, respectively) and P:N ratios were estimated. Leaf mass per area (LMA) was also determined for each foliar age class from each site.
Introduction
The trees referred to as bristlecone pines actually include two species: Pinus aristata Engelm. and P. longaeva D.K. Bailey. Pinus aristata is found at the tree line in central Colorado and north-central New Mexico, with outliers in the San Francisco Peaks of north-central Arizona (Bailey 1970) . Pinus longaeva is found in south-central Utah and across Nevada to the California/Nevada border north of Death Valley (Bailey 1970) . The bristlecone pines retain their needles longer that any other species in the world (LaMarche and Stockton 1974, Ewers and Schmid 1981) and are the longest-lived trees in the world (Ferguson 1968, Brunstein and Yamaguchi 1992) . They often lose all but a narrow strip of bark, referred to as strip-barking, which is correlated with wind direction (Schauer 1999 , Schauer et al. 2001 . Pinus aristata dominates on xeric south-facing slopes and exposed ridges (Peet 1988) .
Although data are limited, they suggest that bristlecone pine species live on Ca-rich substrates and may be calcicoles (Wright and Mooney 1965, R.L. Sanford, Jr., unpublished data) . In California and Nevada, P. longaeva grows on dolomite-derived basic soils (pH 7.5-8.5) with high Ca availability. In Colorado, P. aristata grows on a variety of substrates. Ranne et al. (1997) found that soils of Colorado P. aristata forests were moderately acidic to near neutral (pH 4.47-6.85) , although somewhat more basic soils have been found by others (pH 5.6-7.7; Hess and Alexander 1986, Komárková et al. 1988) . Soil pH decreases with elevation (Ranne et al. 1997 ). More basic soils often have high concentrations of cations such as calcium and magnesium, and most phosphorus (P) in Ca-rich soils is tightly bound in the form of Ca-phosphates and is therefore unavailable to plants (Larcher 1995) . Thus, P availability would be expected to increase at lower soil pH and, thus, at higher elevation. Consequently, there may be wide variations in soil P availability among P. aristata sites.
Nitrogen is usually considered to be the foliar nutrient that most affects photosynthesis; however, conifers, pines in particular, appear to be less responsive than many other plants (Field and Mooney 1986, Evans 1989) . A number of studies have found that photosynthesis in conifers is best explained as a dependence on P or the P:N ratio of foliage (Sheriff et al. 1986 , Black 1988 , Reich and Schoettle 1988 , Thompson and Wheeler 1992 , Loustau et al. 1999 . Although Schoettle and Smith (1999) found a relationship between maximum net photosynthetisis rate (A max ) and nitrogen (N) concentration in young foliage, they found no such relationship for middle-aged or old foliage of lodgepole pine (Pinus contorta Dougl. ssp. latifolia Engelm.). The P:N ratios that affect pho-tosynthesis are most likely to appear in the oldest foliage because P:N ratios typically decline with foliar age. The P:N ratios in the oldest foliage of pines generally falls around 0.10, with reported values ranging from about 0.06 to about 0.18 (Table 1) . For P. aristata, Schoettle (1994) found that P:N ratios declined from approximately 0.17, in 1-year-old foliage, to 0.08-0.09, in the oldest foliage. Thus, P is likely to be more limiting than N in this species.
Foliar nutrient concentrations and rates of photosynthesis, usually A max , are used to assess plant nutrient status. However, both nutrient concentrations and values of A max in leaves can be expressed either on an area basis, or on a mass basis. In theory, the slope of the relationship between a nutrient and A max should be the same, regardless of whether the values are expressed on an area or a mass basis (Peterson and CMEAL participants 1999) , but in practice, area-based relationships have lower slopes and correlations (Field and Mooney 1986, Reich et al. 1994) . When the effect of leaf mass per leaf area (LMA; g m -2 ) is taken into account, however, these differences can be reconciled (Peterson and CMEAL participants 1999, Wright et al. 2004) . Thus, it is important to include LMA when investigating the effect of nutrients on A max .
A difficulty in establishing that there are nutrient limitations to photosynthesis is that many factors can covary, which complicates interpretation. Wright et al. (2004) used principal component analysis (PCA) to interpret how leaf traits vary. With a large data set that included 2,548 species and 175 sites, they found that 74.4% of the variation in the leaf traits they examined (i.e., leaf longevity, LMA, N, P, A max and respiration, all expressed on a mass basis) was explained by the first principal axis. When they restricted their analysis to needle-leaved shrubs and trees, only 58.0% was explained. Similar to most leaf trait studies, they compared foliage of the same physiological age. However, foliar age can be an important variable, especially in species such as P. aristata, where foliage can survive for one to two decades. A significant proportion of foliar nutrients can exist in foliage greater than 3 years old; this older foliage also appears to contribute a high proportion of fixed carbon to the tree (e.g., Smith 1990, Schoettle 1994) . Here, our goal was to examine the interaction among mass-based values of A max , N and P, and their interactions with LMA and foliar age. We also aimed to determine whether P or N was the nutrient more limiting to photosynthesis in mature P. aristata growing in the field.
Materials and methods

Sites
Data were collected from four locations in Colorado (Figure 1 
Measurements
At each site, four trees were selected. Foliage from six foliar-age classes (1-, 2-, 3-, 5-, 10-and 11-year-old) was sam- Schoettle (1994) , fascicles (approximately 7-10) were detached and placed in the conifer cuvette of a CIRAS-1 photosynthesis system (PP Systems, Haverhill, MA). Fascicles were suspended on cotton mesh in the cuvette, and temperature was measured directly with a thermocouple. Maximum net photosynthetic rate was measured within a few minutes, in ambient light with photosynthetic photon flux (PPF) > 1000 µmol m -2 s -1 . For AM and BM, total areas of needles used for photosynthetic measurements were determined with a micrometer, assuming each fascicle consisted of five symmetric cylindrical sections. These measurements were divided by dry mass to determine LMA (leaf mass per total area; g m -2 ). For GP and QV, area was estimated from previously developed total area-dry mass equations for each site. No differences were observed among age classes, so one equation for each site was applied for all age classes. Measured mass and estimated total area of needles used for photosynthetic measurements were used to estimate LMA. Maximum net photosynthetic rate is presented on a dry mass basis.
Additional foliage from each tree and age class was sampled and returned to the laboratory. All foliage was dried at 60°C for 3 days to determine dry mass. Total N was determined on a LECO CHN-1000 element analyzer (St. Joseph, MI). Kjeldahl digests were obtained to measure total P on a Lachat QuickChem AE autoanalyzer (Milwaukee, WI). These measurements were used to determine the P:N ratio for each age class and tree. The N and P foliar concentrations are also presented on a dry mass basis.
Analysis
Preliminary inspection showed that factors had log-normal distributions, so data were first log-transformed. Pairs of factors were first regressed against A max to determine which were most important. Covariance among factors was examined with PCA, carried out in the R Package (Casgrain et al. 2005) . We included A max , N, P, LMA and foliar age in this analysis.
To examine trends among and within sites, data were subjected to a split-plot analysis of variance (ANOVA) carried out in R (R Development Core Team 2005). The main factor was site. The error term for the main factor was the individual tree nested within each site. Foliar age was the subfactor. The dependent factors examined with this ANOVA were N and P concentrations, A max and LMA. A linear contrast of age on each factor was also performed. Pairwise relationships among individual factors were also examined with linear correlation, using Pearson r.
Results
Covariance among many of the factors that could potentially explain A max was high ( Figure 2 ). However, LMA was poorly correlated with N and P, and explained little of the variation in A max ( ted from the analysis because it is a discrete factor. However, it could be included in the principal components analysis (Figure 3) . When data from all sites were included, 47% of the variation in A max , LMA, N, P and foliar age lay along the first principal axis, which is the main axis of variation of the traits (35-59% of the variation was explained by the first principal axis at individual sites). The direction and extent to which each factor contributes to the first principal axis are indicated by their loadings (Figure 3) . When data from all sites were included, foliar age, A max , P and N had high loadings on the first principal axis, whereas LMA had a high loading on the second axis. Phosphorus was closer to A max than N, and foliar age was almost exactly opposite A max . When individual sites were examined, these trends generally held (Figure 3 ). However, A max loadings were closer to N at AM and BM. Black Mountain was quite different from the other sites: A max , LMA and P fell out mainly along the second axis, and the loadings of A max and P were opposite in sign.
The results of the analyses of variance of factors against age are shown in Figure 4 . When all four sites were considered together, there was only a weak indication of differences among sites for A max (P = 0.0504; Figure 4A ). Maximum net photosynthetic rate varied with foliar age (P < 0.0001; Figure  2A) ; the linear contrast on foliar age was significant (P < 0.001), indicating a decline. Nitrogen concentration varied among sites (P = 0.0202; Figure 2B ) and with age (P < 0.0001); the linear contrast indicated a significant decline with age (P < 0.001). Phosphorus concentration declined with age (P < 0.0001; Figure 2C ). Because average P concentrations declined more than N concentrations with age, P:N ratios also declined with age (linear contrast P < 0.001; Figure 2D ), but there was only a weak indication of among-site differences (P = 0.0798). Photosynthetic N-use efficiency (PNUE) declined with age (linear contrasts P < 0.001), and there were among-site differences (P = 0.0301; Figure 2E ). In contrast, the photosynthetic P-use efficiency (PPUE) showed little indication of differences with age (P = 0.1120) or among sites (P = 0.1621; Figure 2F ). Pairwise linear correlations of all factors are shown in Table 2. When data from all sites were considered, foliar age was negatively correlated with A max , P, P:N and N (Table 2) , as indicated by Figure 3 . When sites were considered separately, these same trends were supported, except at BM, where significant negative correlations were seen only for N and P (Table 2). Maximum net photosynthetic rate generally increased with N, P and P:N, with the exception of BM, where the increase with N was weak (P = 0.0578) and A max decreased with P, P:N and LMA (Table 2 ). Leaf N and P concentrations were positively correlated when data from all sites were considered and when they were considered by site. When all sites were considered, PNUE declined with N and increased with P:N, but relationships among PNUE and P, N and P:N varied considerably from site to site. Photosynthetic P-use efficiency declined overall with P and P:N; this same trend was seen at individual sites (except for P at QV), although it was not always statistically significant (Table 2) . Leaf mass per leaf area was usually uncorrelated with other factors, except at BM, where it was negatively correlated with A max and PNUE, and positively correlated with PPUE.
Overall, P and N concentrations were well correlated ( Figure 5) ; a linear regression through the origin had a slope of 0.12.
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Discussion
The most important factors that explain A max are, in their relative order, foliar age, foliar P and N, and the foliar P:N ratio, when data from all four sites are considered. This is generally true when the sites are considered separately, with the exception of BM, which will be discussed below. Leaf mass per leaf area explained little variation; it was included here because previous studies have usually found that A max decreases with LMA (e.g., Wright et al. 2004) . Leaf mass per leaf area has also been found to increase with foliar age , Kitajima et al. 1997 , Kull et al. 1998 , Tissue et al. 2002 , Nicotra et al. 2003 , although not in all species (Traw and Ackerly 1995) . Leaf mass per leaf area did not change with age at any of the sites studied here (Table 2 ; Figure 4G ). This is consistent with Schoettle's (1994) study: projected-area LMA for 1-, 5-and 15-year-old foliage from large trees was 261, 261 and 262 g m -2 (data calculated from Schoettle's Table 4 as area-based A max divided by mass-based A max for large trees in the laboratory). Inclusion of LMA in regressions of N on A max has also been shown to reconcile areaand mass-based slopes (Peterson and CMEAL participants 1999) . As LMA in this study generally does not have a relationship with A max , N or P, area-based relationships are similar to mass-based relationships in P. aristata.
Nitrogen and P foliar concentrations are highly correlated with foliar age at all sites (Table 2; Figure 3 ). The PCA separated the effect of each factor out and allowed us to examine the effect of each factor on A max apart from age (Figure 3 ). In Table 2 Cont'd. Linear correlations among factors of all sites combined and of each individual site. Pearson r is the top number, and its P value is the bottom one. Statistically significant (P ≤ 0.05) values of r are in boldface. All factors were log-transformed before correlation was performed. Abbreviations: AM = Almagre Mountain; BM = Black Mountain; GP = Goliath Peak; QV = Quartzville; A max = maximum net photosynthetic rate; N = nitrogen; P = phosphorus; PNUE = photosynthetic N-use efficiency; PPUE = photosynthetic P-use efficiency; and LMA = leaf mass per area. general, there was little within-age-class effect of any factor on A max (data not shown). Schoettle and Smith (1999) also found no relationship between A max and N for middle-aged and old foliar age classes. Usually, the limiting nutrient causes increases in A max and decreases in the photosynthetic nutrient-use efficiency (e.g., Lambers et al. 1998 ). In the current study, A max usually increased with both N and P concentrations (Table 2 ). In addition, PNUE decreased with N, and PPUE decreased with P. Maximum net photosynthetic rate increased with the P:N ratio, and PNUE increased with the P:N ratio, which suggests the possibility of an interaction between P and N. However, if the mean P:N value of 0.12 is used to divide the data set, we find that there is no significant difference between foliar N means (10.1 versus 9.9 mg N g -1 for low versus high P:N ratios, t = 0.491, df = 94, P = 0.73), whereas there is for foliar P means (1.02 versus 1.50 mg P g -1 , t = 8.0767, df = 94, P < 0.0001). Thus, the response of A max and PNUE to the P:N ratio is really a response to foliar P, indicating that N is used more efficiently in photosynthesis when P concentrations are relatively high. These data show that both N and P limit photosynthesis in P. aristata, but the greater correlation between P and A max suggests that P is often more limiting.
Our findings bear some similarity to those of Reich and Schoettle (1988) for Pinus strobus L. As for P. aristata, they found that A max increased and PPUE decreased, with increasing P. They also found that PNUE decreased with N and increased with P:N, and PPUE decreased with P:N. However, they found that A max was unrelated to P:N, PNUE increased with P and PPUE increased with N, whereas none of those trends were seen in the current study.
The N and P concentrations we measured at GP were similar to those reported by Schoettle (1994) from a stand in the same area as we sampled. However, we measured a higher A max for 1-year-old foliage (20.8 versus 14.4 nmol g -1 s -1 ) and a lower A max for 5-year-old foliage (11.6 versus 15.4 nmol g -1 s -1 ). We found that PNUE for 1-and 5-year-old foliage was 2.0 and 1.4 µmol g N -1 s -1 , respectively, and PPUE for 1-and 5-year-old foliage was 12.5 and 12.4 µmol g P -1 s -1 , respectively. Conversely, we estimate from Schoettle's data that PNUE for 1-and 5-year-old foliage was about 1.4 and 1.7 µmol g N -1 s -1 , respectively, and PPUE for 1-and 5-year-old foliage was 9.6 and 15.4 µmol g P -1 s -1 , respectively. One large difference between studies is that we found much stronger correlations between A max and N and P concentrations in our study. Reich and Schoettle (1988) suggested that optimal P:N ratios in P. strobus were about 0.10-0.14. The current study suggests a similar ratio (~0.12) for P. aristata, based on the slope between P and N concentrations. Below this ratio, P limits photosynthesis. Figure 2 suggests that foliage at most sites is at or above this ratio when foliage is initiated. After 3-5 years, however, P:N ratios drop below this value. Schoettle (1994) found that P:N ratios declined from 0.15 in 1-year-old foliage to 0.10 in 5-year-old foliage to 0.08 in 15-year-old foliage. Schoettle (1994) estimated that significant leaf abscission began at about 6 years in large P. aristata individuals. Perhaps abscission is driven by declining P:N ratios.
Members of the genus Pinus show mixed responses of photosynthesis to nutrients. Photosynthesis responded to P in Pinus radiata D. Don (Attiwill and Cromer 1982, Conroy et al. 1988) , whereas Sheriff et al. (1986) found that it responded to P, but not N. In Pinus pinaster, P can limit photosynthesis, but only when the P:N ratio falls below 0.07-0.08 (Loustau et al. 1999, Warren and Adams 2002) . Pinus strobus is limited more by P than by N (Reich and Schoettle 1988) . Schoettle and Smith (1999) found that N was not correlated with A max in middle-aged and old Pinus contorta foliage, whereas Reid et al. (1983) found that A max was correlated with P, but not N, in the same species.
Tessier and Raynal (2003) report a P:N ratio threshold of 0.091 for P deficiencies for upland systems in general, whereas results from their Table 2 indicate that conifers may have a threshold around 0.10, below which phosphorus deficiencies may occur. This is similar to the mean ratio of 0.10 reported for temperate conifers by McGroddy et al. (2004) . Our study finds a somewhat higher threshold (0.12), but Tessier and Raynal (2003) cautioned that thresholds vary among species. They also note that more experimental work is needed to define the P:N thresholds that indicate nutrient deficiencies in upland plants. For example, a fertilization experiment with N and P would be required to demonstrate that a P:N ratio below the threshold of 0.12 reported here definitely indicates P deficiency.
Our findings from BM were quite different from those for the other sites: A max was not correlated with foliar age, and although there was a weak positive correlation with N, there were strong negative correlations with both P and P:N. Unlike what was found at the other sites, A max declined with LMA, as is generally seen (e.g., Wright et al. 2004 ). Black Mountain was measured significantly later in the season than the other three sites, and A max values were lower than at the other sites ( Figure 3 ). It is possible that photosynthesis was being shut down by the lower temperatures of fall. However, such changes are usually indicated by declines in dark-adapted chlorophyll fluorescence (F v /F m ), and there were no measured differences in this variable between BM and the other sites (data not shown). This is the only low-elevation, non-treeline site in this study, and it is the only one of our sites underlain by volcanic Tertiary period rocks (Tweto 1979) . Soil characteristics were not measured at any site, however, so there are no data to suggest that soil properties differ at BM relative to the other sites. Future research should focus soil availability of P and N, as well as other factors that may affect A max , such as water availability. Anthropogenic N inputs to subalpine forests in the Colorado Front Range are increasing (Williams et al. 1996 , Calanni et al. 1999 , NADP/ NTN 2005 . The wind patterns associated with N deposition and uptake at Niwot Ridge in the Front Range (Calanni et al. 1999) are also seen at GP (Schauer et al. 2001 , R.L. Boyce, unpublished data) and presumably at AM, the other Front Range site. As is typical in montane environments, nutrient inputs, both natural and anthropogenic, increase with elevation. Williams et al. (1996) found low foliar P:N ratios in higher-elevation P. aristata forests, which they suggested might indicate the beginning of nitrogen saturation. We found no evidence of N saturation. There were no differences in the P:N ratio among sites, and there was no obvious segregation of the Front Range sites (AM and GP) versus the more western sites (BM and QV).
